The phase diagram of (PbTiO 3 ) m /(BaTiO 3 ) n ferroelectric superlattices was computed using the phase-field approach as a function of layer volume fraction and biaxial strain to tune ferroelectric properties through domain engineering. Two interesting domain structures are found: one with mixed Bloch-Néel-Ising domain wall structures and the other with stabilized monoclinic M c phases. The polarization of the monoclinic M c phase is able to rotate from out-of-plane to in-plane or vice versa under an electric field, and thus facilitates the domain reversal of rhombohedral domains. This contributes significantly to both reduced coercive fields and enhanced piezoelectric responses.
I. INTRODUCTION
Domain engineering is an effective approach to improving the functional properties of ferroelectric and piezoelectric materials [1] [2] [3] . One well-known example is the generation of large piezoelectric responses in the vicinity of the morphotropic phase boundary (MPB) in ferroelectric solid solutions, i.e., Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) [2] and PbZrO 3 -PbTiO 3 (PZT) [3] , through an easy polarization rotation via an intermediate monoclinic phase [4] [5] [6] . Another example is the dramatically enhanced transition temperatures and enhanced ferroelectric properties made possible by engineering the domains and domain walls of ferroelectric thin films, using biaxial strains imposed by a substrate [7] [8] [9] .
Superlattices, composed of two or more periodically repeated atomic/nanoscale oxide layers, offer additional degrees of freedom in addition to composition and strain, to engineer the domain structures and thus their responses under an external field. Indeed, enhanced permittivity [10] and recovery of ferroelectricity [11] , originating from the complex phase interactions at the layer interfaces, have been discovered in superlattices [12, 13] . Recently, polarization rotations were engineered by modulating the biaxial strain [14] and layer volume fraction [15] in PbTiO 3 /SrTiO 3 and PbTiO 3 /CaTiO 3 superlattices, respectively. The main objective of the present work is to determine whether enhanced piezoelectric responses, which are closely tied to dielectric permittivity, can be achieved through engineering the monoclinic phase by taking advantage of the electrostatic and elastic forces in ferroelectric superlattices.
To take into account the heterogeneity and domain formation in a superlattice, we calculate the phase diagram of (PbTiO 3 ) m /(BaTiO 3 ) n [(PTO) m /(BTO) n ] ferroelectric * lxh42@psu.edu superlattices using the phase-field approach [16] . Here, m and n denote the thickness, in unit cells, of the (001)-oriented PbTiO 3 and BaTiO 3 layers, respectively. Since there is a large difference between the pseudocubic lattice parameters of the two individual layers, there are many available substrates which can simultaneously exert tensile and compressive strains onto PTO and BTO layers, respectively. We aim to utilize this mixed strain states, tensile on one layer and compressive on the other, to produce in-plane and out-of-plane polarizations on each side of the interfaces between layers in a superlattice. The ferroelectric and piezoelectric responses of such a superlattice are obtained by applying an external electric field in a phase-field simulation. The focus of this paper is on the role of possible monoclinic domain states in enhancing the piezoelectric response and significantly decreasing the coercive fields of a superlattice.
II. MODEL
The periodically repeating unit of PTO and BTO layers in the superlattice is illustrated in Fig. 1 . Each unit cell of a superlattice consists of m PTO and n BTO single-crystal unit cells along the thickness direction. We assume that the interfaces between PTO and BTO layers are coherent, and the superlattices are grown epitaxially on a substrate.
The total free energy, F, of a (PTO) m /(BTO) n superlattice is expressed as
where V is the representative volume, P i (i = 1,2,3) is the spontaneous polarization distribution, and f bulk is the bulk free energy density of a ferroelectric using the paraelectric state as the reference state and expressed using an eighth-order Landau-Devonshire polynomial in P i , 
in which only α 1 is assumed to be temperature dependent, and all the coefficients are obtained from the stress-free condition. The gradient energy density f gra in Eq. (1) is
where P i,j = ∂P i /∂x j and G ij kl is the gradient energy coefficient. In this paper, the Einstein implied summation convention is employed. The elastic energy density f elas is
where c ij kl is the elastic stiffness tensor. The eigenstrain is composed by two parts [17, 18] , i.e., ε 
i.e., the average stress components are zero. The microelasticity theory [19] of Khachaturyan and Shatalov together with an iterative method [20] is utilized to get the elastic solution through the mechanical equilibrium condition σ ij,j = 0.
The expression for f elec is given by
in which ε 0 is the vacuum permittivity. The dielectric constant of the vacuum is adopted, i.e., k b = 1, in the present study. There is no obvious difference between the results obtained with k b = 1 and k b = 10. The total electric field E i is composed of electrostatic field E sta i generated from the internal bound charges and external electric field E perfectly charge compensated. The electrostatic equilibrium equation ε 0 k b ϕ ,ii = P i,i is solved to obtain the electrostatic potential through E i = −ϕ ,i .
The spatial variation of the spontaneous polarizations in the superlattice is determined by the time-dependent GinzburgLandau (TDGL) equation,
where L is the kinetic coefficient.
The simulation box of a (PTO) m /(BTO) n superlattice unit cell is discretized as 64 x 1 × 64 x 2 × N x 3 , where x 1 = x 2 = 1nm, x 3 = 0.5a BTO ≈ 0.2nm and N = 2(m + n). The gradient energy coefficients are assumed to be isotropic with the nonzero ones
The other physical parameters are summarized in Ref.
[21] obtained from Refs. [22] [23] [24] [25] [26] . Periodic boundary conditions are employed along x 1 , x 2 , and x 3 directions. The semi-implicit Fourier-spectral method [27] is used to solve the TDGL equation. All the simulations start from an initial paraelectric state with random noise perturbations for the local polarization.
III. RESULTS AND DISCUSSION
The four representative domain structures of (PTO) m /(BTO) n superlattices obtained from the phase-field simulations are shown in Fig. 2 under different substrate constraints e 0 =ε 11 =ε 22 . These domain structures correspond to near equilibrium states, i.e., no significant changes take place with prolonged annealing. The letters T, R, M, and O indicate tetragonal, rhombohedral, monoclinic, and orthorhombic crystallographic symmetries, respectively. The subscript "op" or "ip" of T indicates whether a tetragonal phase has out-of-plane or in-plane polarizations, respectively. A type A domain structure is composed of T op domains with Ising-type domain walls, i.e., the polarization directions are in opposite directions on each side of the domain wall with the magnitude of polarization gradually changing across the domain wall. A type B domain structure consists of a mixture of T op + R domains, in which mixed Bloch-Néel-Ising domain walls [13] connect the T and R domains across their interfaces in the superlattice. Such a mixed type of domain wall exhibits 180
• polarization rotation with polarization components both in a plane parallel (Bloch-type) and normal (Néel-type) to the plane of domain wall, in addition to the Ising-type P 3 components. A type C domain structure is mainly composed of an M c phase with (P 1 ,0,P 3 ) or (0,P 2 ,P 3 The phase diagram of (PTO) m /(BTO) n (m + n = 11) superlattices as a function of substrate lattice parameter (a sub ) for an m-unit-cell-thick PTO layer is presented in Fig. 3 . The lattice parameters for a number of commonly used substrates are indicated in the diagram [28] . The epitaxial strains imparted by the substrate on the individual layers range from −0.011 to 0.019 for the PTO layer and −0.026 to 0.004 for the BTO layer based on the range of a sub shown in Fig. 3 . For large compressive strains, the stripe T op domains (pattern A) are stable. The out-of-plane polarization is almost uniform across the superlattice due to the electrostatic coupling between the two layers. On the other hand, under large tensile strains T ip and O domains (pattern D) become stable, consistent with the phase diagrams of PTO and BTO thin films [25, 29] . Interestingly, two intermediate domain patterns (B and C) exist. These two types of domain states result from the combined effects of elastic and electrostatic couplings in the superlattice. The polarizations in the two layers prefer to be orthogonal due to the opposite (tensile and compressive) states of the individual PTO and BTO layers, whereas the minimization of the depolarization field requires continuity of the out-of-plane polarization. The stability of these intermediate domain structures requires the two layers to possess large spontaneous polarizations and to have a large difference between their pseudocubic lattice parameters. For example, no monoclinic phase was observed in PbTiO 3 /SrTiO 3 superlattices [14] , since the tensile SrTiO 3 layers give O domains with weak polarizations. On the contrary, the tensile strains in PTO layers of (PTO) m /(BTO) n superlattices prefer T ip and the in-plane polarizations are strong.
Another approach to engineering domain structures in superlattices is tuning the volume fraction of each individual layer. The stability of the four types of domain structures evolves from A→B→C→D as the PTO layer thickness increases and a sub lies between 3.94Å a sub 3.97Å (Fig. 3) . Within this range of substrate lattice parameters, PTO layers are under tensile strain, and the BTO layers are under compressive strain. As the PTO layer increases in thickness, the in-plane polarizations firstly nucleate at the interfaces [13, 30] between layers and then grow into a mixture of T op + R (pattern B). Since the out-of-plane polarization of the BTO layers is large, the enhanced in-plane polarization of superlattices with thicker PTO layers leads to a stabilization of the monoclinic M c domain structures (pattern C).
The stability of domain structures in the superlattices is sensitive to the strain states in the PTO layers. For example, the intermediate M c phases are found to bridge the T op and R domain states in PbTiO 3 /CaTiO 3 superlattices grown on a SrTiO 3 substrates [15] , in which the PTO layers are under compression. Pure PTO under pressure also shows a similar phase transition sequence [31] . On the other hand, the PTO layers in our (PTO) m /(BTO) n superlattices are under tensile strain, and the M c phases bridge the R and T ip + O domain states. The low-symmetry M c phases are stabilized by the cooperative effect of elastic and electrostatic fields. Similarly, in a thin PTO film, which is under tensile strain, the T ip phase rotates to become the M c phase due to the residual depolarization field [32] .
To explore the piezoelectric response of superlattices, we calculate the variations of the average polarization (P 3 ) and strain (ε 33 ) of superlattices in response to an external electric field (E ext ), i.e., polarization-electric field (P-E) and strain-electric field (ε-E) hysteresis loops as shown in Figs. 4 and 5. Figure 5(a) gives the schematic of the computational method. The piezoelectric response of a superlattice with FIG. 5 . (Color online) (a) A schematic depicting the computational method used to calculate P-E and ε-E loops. The P-E loop is obtained using a triangle-wave electric field along the thickness direction, whose amplitude and frequency are 2E 0 and 1/4t 0 , respectively. Here, t 0 represents 40000 simulation steps. A modulated AC field of amplitude 0.1E 0 and frequency 50t 0 is superposed onto the field at the negative remnant polarization state to calculate the oscillatory deformation of the superlattices, resulting in the calculated ε-E loop. (b) The ε-E loops calculated for a (PTO) 3 /(BTO) 8 superlattice commensurately strained to a (110) DyScO 3 The regular P-E hysteresis loop shown in Fig. 4 (a) is calculated for (PTO) m /(BTO) n superlattices possessing mixed Bloch-Néel-Ising domain walls (pattern B in Fig. 3 ). This is different from the constricted hysteresis loop of BaTiO 3 /SrTiO 3 superlattices constrained to a GdScO 3 substrate [33] , in which the stripe domains with mixed domain walls are expected around zero E ext . Figure 4 (b) presents a slim calculated hysteresis loop, which is commonly observed in relaxor ferroelectrics [34, 35] , with a remarkably decreased coercive field (E coer ). This much smaller E coer is attributed to the presence of a monoclinic M c phase in the vicinity of the E coer during the 71
• polarization reversal [see Fig. 4(c) ], because the enhanced in-plane polarization components of the M c phase can lead to additional driving forces for the nucleation of reverse domains. This monoclinic M c phase is completely stabilized by competitive long-range elastic and electrostatic fields, rather than a local pinning interaction from structural inhomogeneity [36] . It also allows a significant improvement of the calculated effective piezoelectric response as discussed later. Compared to E coer , the decrease in the value of the calculated remnant polarization (P r ) is much smaller, since only the reversal of the out-of-plane polarization is calculated to occur during the reversal, while the in-plane components remain largely unchanged. For superlattices with domain pattern A, regular hysteresis loops with large E coer are calculated (not shown here). The calculated P-E loop of superlattices possessing domain pattern D [the red curve in Fig. 4(a) ] shows nonlinear dielectric behavior.
To probe the expected influence of the domain structures on the piezoelectric response, we calculate the ε-E loops of the superlattices on various substrates. The calculated strain variation ε 33 is shown in Fig. 5(b) . For the (PTO) 3 /(BTO) 8 superlattice commensurately strained to DyScO 3 , the calculated strain varies with electric field quasi-linearly with significant hysteresis. The small slope in this linear loop suggests a difficult polarization rotation in the stable single domain under the external field. On the EuScO 3 substrate, the calculated ε-E loop has a rounded-rectangular form with steeper slopes, indicating an easier polarization rotation between R and M c (as shown in Fig. 4) . The calculated piezoelectric coefficient (d 33 = ε 33 | max /0.2E 0 ) is enhanced accordingly. The calculated ferroelectric and piezoelectric properties of (PTO) 3 /(BTO) 8 superlattices as a function of the pseudocubic lattice parameter of the substrate are summarized in Fig. 6 . The calculated values of both E coer and P r decreases monotonically with the increase in a sub . This is consistent with the calculated trends in other ferroelectrics, in which applying a compressive strain expands the calculated P-E hysteresis loops and application of a tensile stain contracts them [37, 38] . The maximum d 33 together with a slim P-E loop are calculated to occur around the phase boundary between domain structures C and D, indicating a phase transition mediated by the M c phase. On the right side of the phase boundary, the calculated value of d 33 significantly decreases due to the dielectric behavior shown in Fig. 4(a) . Therefore it is important to engineer superlattices close to the phase boundary between domain structures C and D to enhance their piezoelectric responses.
IV. CONCLUSIONS
The phase diagram of (PbTiO 3 ) m /(BaTiO 3 ) n ferroelectric superlattices as a function of layer volume fraction and the pseudocubic lattice parameter of the substrate is calculated using the phase-field approach. The two ferroelectric layers are strongly coupled by the elastic and electrostatic fields, and two interesting domain structures, i.e., one with mixed Bloch-Néel-Ising domain walls and the other with stable monoclinic M c phases, are found. The calculated hysteresis loops show that M c domains bridge the 71 o domain reversal of the rhombohedral phases, contributing significantly to decreased E coer and enhanced d 33 , while maintaining similar P r . The present study provides a novel approach to enhancing piezoelectric responses through engineering monoclinic M c phases in ferroelectric superlattices.
